Hepatitis C virus (HCV) infection of the graft can usually be avoided only if treatment achieves either a sustained virologic response (SVR) or an on-treatment undetectable HCV RNA level at the time of liver transplantation (LT). Treatment with pegylated interferon (PEG-IFN) plus ribavirin (RBV) can prevent graft infection among patients for whom therapy has achieved viral clearance (undetectable HCV RNA) before LT [1] . However, response rates are mainly influenced by HCV genotype (poorer results for patients with genotype 1 (GT1) HCV), and the overall efficacy of this therapy is suboptimal (SVR rate, 30%) [2] .
Antiviral Treatment before Liver Transplant
Hepatitis C virus (HCV) infection of the graft can usually be avoided only if treatment achieves either a sustained virologic response (SVR) or an on-treatment undetectable HCV RNA level at the time of liver transplantation (LT). Treatment with pegylated interferon (PEG-IFN) plus ribavirin (RBV) can prevent graft infection among patients for whom therapy has achieved viral clearance (undetectable HCV RNA) before LT [1] . However, response rates are mainly influenced by HCV genotype (poorer results for patients with genotype 1 (GT1) HCV), and the overall efficacy of this therapy is suboptimal (SVR rate, 30%) [2] .
The protease inhibitors (PIs) telaprevir (TPV) and boceprevir (BOC) were the first direct-acting antiviral agents (DAAs); they were approved in 2011 and shed light onto the highly difficult field of peritransplant HCV treatment. These PIs increased the effectiveness of treatment with PEG-IFN plus RBV by as much as 67% for cirrhosis patients who were on the LT waiting list (WL) and by as much as 62% for LT recipients [3] . However, the safety of these agents was questionable: serious adverse events (SAEs) were common, and some WL patients died. Therefore, the proportion of WL patients who may benefit from triple therapy (PEG-IFN, RBV, and TPV or BOC) is small for several reasons: the regimens are limited to patients with HCV GT1, and the range of application remains limited because IFN-based therapies are contraindicated for patients with decompensated cirrhosis. Efficacy rates are very low for cirrhosis patients who have not responded to previous therapy (a common situation among patients awaiting LT), and PI-based regimens for patients with compensated cirrhosis are associated with SAEs and even death. As a consequence, with the recent approval of IFN-free regimens, the use of BOC and TPV is no longer recommended [4] .
The introduction of DAA combinations that are effective and safe without IFN has been the crucial step forward in the treatment of chronic HCV. The proof of the concept that eradicating HCV Keywords Hepatitis C · Liver transplantation · Therapy · Interferon-free direct-acting antivirals Summary Chronic hepatitis C virus (HCV) infection is one of the primary causes of hepatocellular carcinoma and liver transplantation (LT). Graft loss due to hepatitis C (HCV) recurrence is a serious problem after LT. Thus, the approval of interferon-free direct-acting antiviral (DAA) regimens has important implications in the LT setting. The findings of controlled trials have confirmed the safety and the excellent efficacy of most DAA combinations, and these findings have been confirmed by reports of high rates of sustained virologic response in the real-life setting. However, data from patients with decompensated cirrhosis who are on the LT waiting list are still scarce and, when available, suggest cautious consideration of whether HCV treatment before LT is beneficial in all cases. Progression of cirrhosis and refractory decompensation result in severely decreasing response rates, the risk of resistance, and reduced Model for End-Stage Liver Disease (MELD) scores despite clinical deterioration, making LT more difficult to achieve. On the other hand, treating HCV recurrence after LT is feasible with most of the available DAA combinations. Thus, an important topic of current debate is the establishment of predictors and conditions that can determine whether HCV treatment is best before or after LT. This review article comprehends and discusses recent data and challenges on the treatment of HCV infection in the liver transplant setting.
before LT is possible for a large proportion of patients was provided by the results of a phase 2 open-label study involving 61 WL patients who were treated with an IFN-free regimen [5] . Patients who were infected with HCV of any GT and who had cirrhosis (Child-Turcotte-Pugh (CTP) score 7) or hepatocellular carcinoma (HCC) were treated for as long as 48 weeks with sofosbuvir (SOF) and RBV before LT. For most (n = 30; 70%) of the 43 patients who had HCV RNA levels lower than 25 IU/l before transplant, the therapy achieved SVR 12 weeks after LT (SVR12). Importantly, the study showed that a crucial factor in preventing the recurrence of HCV was an undetectable viral load for at least 30 days before LT.
Several clinical trials and studies involving real-life cohorts with compensated or decompensated cirrhosis have demonstrated the safety and efficacy of various regimens. The COSMOS trial (a study of TMC435 in combination with PSI-7977 (GS7977) in chronic hepatitis C genotype 1-infected prior null responders to peginterferon/ribavirin therapy or HCV treatment-naïve patients) assessed the safety and efficacy of SOF in combination with simeprevir (SIM) with or without RBV [6] ; this study was paralleled by the large real-life cohort of the Translational Research in Oncology (TRIO) network. In this trial, the combination therapy was administered for 12 or 24 weeks to 167 HCV GT1 patients: 80 with no to moderate fibrosis (F0-F2) who were previous non-responders, and 87 with severe fibrosis or cirrhosis (F3-F4) who were either previous non-responders or treatment-naïve. The overall SVR12 rate was 92% and remained that high even for patients with decompensated cirrhosis (n = 41). In the real-life cohort [7] , treatment achieved an SVR rate of 75% for the subgroup of patients with cirrhosis (n = 125), a rate significantly lower than that for patients without cirrhosis.
Another highly effective IFN-free regimen for patients with HCV GT1 is the fixed-dose combination of SOF and ledipasvir (LDV). The ION-1 and ION-2 trials [8, 9] evaluated the administration of this combination with or without RBV for 12 or 24 weeks to treatment-naïve and treatment-experienced patients. In both studies the SVR rate was excellent, irrespective of the presence of cirrhosis. In a pooled integrated analysis of all HCV G1 patients with cirrhosis (n = 513) who were treated with SOF plus LDV, neither treatment duration nor the addition of RBV had a significant impact on SVR12 (96-100%) [10] . For treatment-experienced patients with cirrhosis (n = 352), SOF plus LDV without RBV achieved SVR12 for 90% of patients after 12 weeks and for 98% of patients after 24 weeks, whereas SOF plus LDV with RBV achieved SVR12 for 96% of patients after 12 weeks and for 100% of patients after 24 weeks. This finding suggests that RBV or extension of treatment duration plays a beneficial role for these patients.
A recent phase II, randomized, prospective multicenter trial evaluated the administration of a fixed-dose combination of SOF/ LDV plus RBV for 12 or 24 weeks to treatment-naïve and treatment-experienced patients with GT1 or GT4 HCV and decompensated liver disease who were awaiting LT [11] . No significant difference in SVR in dependence on treatment duration was observed for the CTP class B patients (87 vs. 89%) or for the CTP class C patients (86 vs. 90%). Successful HCV therapy improved the patients' clinical and biochemical test results, as documented by an improvement in the Model for End-Stage Liver Disease (MELD) score and an increase in serum albumin levels. Importantly, although the clinical condition of some patients stabilized, it worsened in others, meaning that cirrhosis was already too advanced to improve even though SVR was achieved.
The administration of LDV/SOF plus RBV to 215 patients with decompensated cirrhosis was evaluated in the SOLAR 1 and 2 trials [12] . Response rates for patients with CTP class B liver cirrhosis were nearly 90% after 12 weeks of treatment and 100% after 24 weeks. For CTP class C patients, the SVR rate was 88% after 12 weeks and 50% after 24 weeks. Evaluation of drug safety showed that 22 SAEs were reported by CTP class B patients and 35 SAEs were reported by CTP class C patients; the most common SAE was anemia due to RBV.
The ALLY trials investigated the safety and efficacy of daclatasvir (DAC) in combination with SOF, and data from patients with advanced liver disease who had received a 12-week combination regimen were recently presented [13, 14] . Patients who underwent LT during treatment could receive 12 weeks of extended treatment immediately after LT, regardless of treatment duration before transplant. Of the 60 patients with liver cirrhosis who were enrolled, 60% were treatment-experienced, and most (75%) had HCV GT1. The distribution of CTP classes was as follows: CTP class A 20%; CTP class B 53%; and CTP class C 27%. MELD scores ranged from 8 to 27. For these patients with cirrhosis, treatment achieved SVR12 for 83%; the rates of SVR12 were, of course, lower for patients with CTP class C cirrhosis and signs of portal hypertension. SVR12 rates were comparable with regard to previous treatment experience and baseline demographic characteristics. Four patients with cirrhosis underwent LT during treatment; 3 of the 4 received extended treatment after LT, and treatment achieved SVR12 for all 4. No SAEs were reported; the most common adverse events were headache, fatigue, anemia, and diarrhea.
A French multicenter observational study reported on the feasibility and improvement of liver parameters and clinical condition of an SOF-based regimen in 183 patients who were candidates for LT [15] .
In all studies, clinical and biochemical improvement occurred in only a proportion of patients with decompensated cirrhosis, even those for whom treatment achieved SVR. A considerable number of patients experienced worsening of clinical condition, which reduced their chance of receiving a transplant even though their MELD score improved during treatment. For patients who begin treatment when they have decompensated cirrhosis or signs of portal hypertension, some investigators report deteriorating clinical condition rather than removal of patients from the WL and improvement in quality of life [14] . So far, only 1 case has been published to be withdrawn from the WL [16] . In the French multicenter cohort, 36% of the 53 patients listed for decompensated cirrhosis experienced a complete clinico-biological response with the best results reported for CTP class A patients (72%) and only 25% in CTP class B and 21% in CTP class C patients. Only 16% of paHerzer/Gerken Visc Med 2016;32:258-262 260 tients could be withdrawn from the WL at the end of follow-up [15] . Currently, the criteria for removing patients from the WL have not yet been determined, and successful HCV treatment before LT is not always associated with clinical and biological improvement. Patients with advanced liver disease and high MELD scores will probably not benefit from viral clearance.
However, if treatment can be started early enough, we can anticipate that the availability of highly effective IFNinterferon-free therapies for HCV infection can bring about a substantial change in the area of end-stage liver disease, just as nucleos(t)ide analogs did for patients with HBV infection. If so, these new therapies will save lives and also reduce the number of patients requiring LT or experiencing HCC. Efficacy results from clinical trials cannot be totally translated to the WL list scenario, because both the waiting time and the treatment duration are unpredictable. More results from real-world cohorts are necessary to allow better determination of which patients have a higher likelihood of experiencing HCV eradication and the benefits of treatment before LT and which patients should instead be treated after LT. A good option for patients who are not likely to benefit from treatment while on the WL is antiviral treatment after LT which has become safe and efficient (table 1) .
Antiviral Treatment after Liver Transplantation
Among patients with actively replicating HCV infection who undergo LT, recurrence of HCV after LT is almost ubiquitous and is usually aggravated by a more rapid disease course than that for immunocompetent patients [17] . This accelerated rate of fibrosis results in substantially lower survival rates for both the allograft and the recipient than among LT patients without HCV infection [18] . A progressed level of fibrosis in the graft (METAVIR F 2 ) [19] and occurrence of portal hypertension (hepatic venous pressure gradient (HVPG) 6) [20] 1 year after LT are well-established predictors of aggressive HCV recurrence. The typical plan for treating HCV infection after LT has been to initiate the administration of PEG-IFN plus RBV once histologic findings confirm damage to the graft. However, overall SVR rates with this treatment have not exceeded 30-40% [21] . These unsatisfactory results were mainly due to poor tolerance or adverse events, resulting in high rates of treatment discontinuation or, at least, dose reductions. Achieving SVR after LT has a well-documented positive impact on HVPG and on survival rates [22] .
After triple therapy with PIs was approved, several studies evaluated the safety and efficacy of such regimens for LT recipients. Most of the patients had advanced-stage fibrosis (METAVIR F 2) or cholestatic HCV. SVR12 rates were clearly higher than for previous therapies, ranging between 48 and 62% [23, 24] . However, the main drawbacks of triple therapy for LT recipients were the high rate of SAEs, leading to treatment discontinuation, and severe drug-drug interactions, especially with the immunosuppressants (ISs).
Currently we are receiving data from multicenter clinical trials, compassionate use programs (CUPs), and real-life cohorts; these trials are using various combinations of oral DAAs to treat HCVinfected LT recipients. The SVR12 rates range from 70 to 96%. The first multicenter open-label study involving LT recipients assessed the safety and efficacy of SOF with RBV for 24 weeks [25] . Of the 40 patients, 16 (40%) were reported to have cirrhosis, and treatment achieved SVR12 for 28 (70%). The excellent efficacy and safety profile of this regimen was confirmed by real-world data from SOF CUPs: SVR12 was achieved for 59% of patients treated for as long as 48 weeks with SOF and RBV, with or without PEG-IFN. Interestingly, higher rates of SVR12 were achieved for patients with fibrosing cholestatic hepatitis (73%) than for patients with cirrhosis (43%).
In the SOLAR-I study, patients with GT1 or GT4 HCV were given the fixed-dose combination of LDV/SOF with RBV for 12 or 24 weeks; the treatment achieved high rates of SVR [26] . However, SVR rates were lower for patients with CTP class B or C cirrhosis than for patients with mild disease. Specifically, the SVR rates were 60% for patients with CTP class C cirrhosis and 67% for patients with portal hypertension. However, the study included only 8 patients.
The real-life HCV TARGET study assessed the combination of SOF and SIM. This trial, which included 68 LT patients [27] , reported a high SVR rate (86%) even for patients with cirrhosis. Other real-life studies have confirmed the efficacy and safety of this combination [28] : SVR12 was achieved for 91% of LT recipients after 12 weeks of treatment with or without RBV. In both studies, lower viral declines were shown in GT1a than GT1b patients (83 vs. 95% and 88 vs. 96%, respectively). Most importantly, in the latter study [24] , all patients for whom treatment failed had F3 or F4 fibrosis and HCV GT1a.
The open-label phase II CORAL-I study [29] assessed the efficacy and safety of treatment with ombitasvir/paritaprevir/ritonavir plus dasabuvir and RBV for 24 weeks. This cohort included 34 recipients of orthotopic LT with a METAVIR score of 2 or less and recurrent GT1 HCV infection. The SVR12 rate was excellent at 97%, but interactions were reported with ISs, tacrolimus more often than cyclosporine.
Real-life cohorts and CUPs have reported impressively high rates of SVR for the combination of DAC and SOF, with or with- out RBV, even for patients with decompensated cirrhosis or HCV recurrence after LT [30, 31] . The combination of DAC and SIM achieved high response rates in the phase 2 SATURN trial [32] and in real-life studies involving LT recipients [33] . However, several viral breakthroughs and relapses have been reported with this combination.
Regarding safety, across the studies, very few SAEs have been reported. Most deaths occurred among cirrhosis patients and were not related to the treatment drugs. Drug-drug interactions must be carefully considered, especially for patients who have undergone LT and are being treated with ISs [34] . The calcineurin inhibitors and the mechanistic target of rapamycin (mTOR) inhibitors (everolimus, sirolimus) are substrates of cytochrome P450 (CYP). Although the DAAs SOF and DAC do not interact with CYP, other antiviral substances, such as SIM, LDV, and ritonavir-boosted ombitasvir/paritaprevir can cause clinically relevant interactions [35] . Conversely, because of significantly increased plasma concentrations of SIM, the concomitant use of SIM and cyclosporine is not recommended for LT recipients. The combination of ritonavirboosted paritaprevir, ombitasvir, and dasabuvir with RBV requires adjustments in the dosages of tacrolimus and cyclosporine. Interestingly, some investigators report a decrease in trough levels of ISs with the decrease in viral load. Therefore, careful monitoring of IS levels is required.
Conclusion
Several currently available DAA regimens have achieved high rates of SVR for patients with cirrhosis. However, data from patients with decompensated cirrhosis and on the WL for LT are still scarce but suggest that the decision to initiate HCV treatment before LT must be carefully evaluated. Progressing or decompensated cirrhosis together with portal hypertension seems to severely reduce the effectiveness of treatment. Potential problems include lack of response and development of resistance, limited access to future therapies, and reduced MELD scores that render LT less of an option. We must gain more experience in interpreting predictors that can indicate which patients will benefit from HCV treatment before LT. For other patients, it may be preferable to initiate treatment after LT with safe and effective DAA regimens until such predictors can be validated.
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